The relative magnitude of the low-energy spectral component of various representative Cobalt-60 irradiators is measured with a gold and an aluminum walled ionization chamber. It is shown that this measurement permits the calculation of an upper limit on interface do se enhancement.
INTRODUCTION
A number of recent papers 4 have pointed out that the gamma radiation from commonly used cobalt-60 sources is by no means limited to the monoenergetic photons at 1.17 and 1.33 MeV. The photon spectra of all practically realizable cobalt-60 irradiators include a sizable low-energy Compton scattered component which, in some source configurations, can be very large indeed.
The importance of interface dose enhancement effects, especially in semiconductor devices consisting of thin layers of materials of dissimilar atomic numbers, has also been described in a number of papers since 1970. [5] [6] [7] [8] [9] It is therefore clear that it is important to have some knowledge of the low-energy scattered gamma component of the particular cobalt-60 source which one is using for radiation effects testing of microelectronic devices and circuits. It is also unfortunately true, however, that this information is difficult to obtain. It is evident from some recent Monte-Carlo calculations of the gam-ma4 spectra of a few particular source configurations I that such calculations are extremely costly and time consuming. It is also not possible to draw general conclusions about the spectra of broad generic classes of cobalt-60 irradiators. Each specific configuration must be calculated individually.
In this paper we present an experimental method which gives a simple, easy, and direct method for determining the relative magnitude of the low-energy gamma component for any given cobalt-60 source geometry and experimental arrangement. It had been conjectured by a number of people for the past two years that measurement of the equilibrium dose using both a low-Z (Si, e.g.) and a high-Z (Au, e.g.) dosimeter of some kind would provide sufficient spectral information. In January of 1984, Ed Burke* suggested that an aluminum-walled and a gold-walled thin air-ionization chamber might be a practical implementation of such a pair of dosimeters. In this paper, we discuss the design of such an ionization chamber, present figure 2 .
The monoenergetic response function of the actual chamber was also measured directly at the five points indicated by circles in figure 2. These measurements were made using a heavily filtered x-ray source of xray energies of 38, 70, 113, 169, and 206 keV. The dashed line in figure 2 is the best smooth curve fit through these five experimental points.
The x-ray measurements were made with a free-air ionization chamber; the accuracy of these measurements is *2%.
ENERGY RESPONSE FUNCTION
Spectral quality measurements of a cobalt-60 source using the gold/aluminum ionization chamber are made as follows. Using the .060" aluminum electrodes, the ionization current, IAl' is measured at the experimental position of interest.
Next, the .060" aluminum + .002" gold electrodes are inserted (gold on the inside) and the ionization current, I , is measured at the same position. The ratio IAu IA1 is indicative of the spectral purity of the gamma radiation.
In order to compare the measured IAu/IAl response with the theoretical prediction for a given photon spectrum, it is necessary to know the monoenergetic photon energy response function S(E) E IAu(E)/ IAl(E) for the ionization chamber. 
which is the observed current in an air-filled ionization chamber of wall material m, when the absorbed dose rate in the wall material near the cavity is D k = efAdpair/W is a constant depending only on ionization chamber parameters, and R is the electron range.
For the case of charged particle equilibrium 4358
We attribute the discrepancy between the calculated and experimental curves to these factors:
The actual metallurgical composition of our aluminum plates is not known. In particular, a higher fraction of zinc and copper would lower the calculated value of S(E).
b.
The air volume thickness of 3 mm does not approximate the Bragg-Gray condition very well at low photon energies.
c.
The approximation that I R /R is not very good near the K-absorption edge of gold at 80.8 keV.
The important point to note here is that the ionization chamber response ratio for pure cobalt-60 gamma radiation (E = 1.25 MeV) would be 1.6. Al so note that only small amounts of lower energy scattered radiation would be expected to cause a signif icant increase in the chamber response ratio since the response function is close to 40 at E 100 keV. We would, therefore, expect this IAu/IA measurement to provide a very sensitive indication o6 the purity of a cobalt source spectrum.
EXPERIMENTAL RESULTS
A large variety of cobalt-60 sources was investigated with the ionization chamber in a number of typical experimental configurations.
These will be described briefly below.
WATER WELL SOURCES.
In a typical water well source, the cobalt-60 elements are located at the bottom of a water filled well which provides shielding for personnel protection. Source elements are usually slender cylindrical rods which are arranged around the periphery of a cylindrical exposure volume. Objects to be irradiated are enclosed in a water-tight thinwalled stainless steel container which is lowered into the exposure volume, displacing most of the water.
This arrangement is illustrated diagrammatically in figure 3a.
Some facilities also have provisions for placing the exposure canister outside the cobalt-60 array, using some of the intervening water to reduce the exposure rate in the canister. This arrangement is shown in figure 3b . Water well irradiators were tested in various configurations at the US Army Harry Diamond Laboratories (HDL), the Naval Research Laboratory (NRL), and the National Bureau of Standards (NBS).
CONCRETE ROOMS.
Some facilities consist of a large concrete room in which the test object is arranged. A cobalt-60 source is then exposed, either by lifting it out of a lead or water shield or by opening a lead shutter. Two such sources which were investigated are at HDL and at the NASA Goddard Space Flight Center (NASA). NASA-Goddard Gammacell-220. 
DIRECT MEASUREMENT OF COBALT-60 SOURCE SPECTRA
The spectra of the scattered radiation of some of the sources were measured by a differential absorption spectrometer. The use of differential absorption by materials of differing Z and graded thicknesses to deduce photon spectra in situations where pulse-height analysis is difficult or impossible is not a new concept.
Various investigators have used absorption stacks" to provide data which is then unfolded to yield the presumed incident spectrum. This type of spectrometry is especially useful for the measurement of pulsed bremsstrahlung fields where high-intensity, short-duration radiation pulses are produced or, as in this case, where the radiation intensity cannot be reduced to low enough levels for the use of methods which involve pulse counting.
The system used in these measurements has been devised to overcome some of the difficulties that have been inherent in previous spectrometers of this type.
The spectrometer consists of a series of spherical shells each of which contains a central cavity 3 The equation
Qi JS(E)Ri(E)dE (7) describes the response of the i-th detector, Qi' to the spectrum to be determined, S(E), through the response function, Ri(E). Reduced to j finite energy bins, the problem becomes the solution of i equations in j unknowns for the spectrum values, S., that best fit the input data consisting of tie detector responses, Qi' and the response function, Rij.
Qi S RijAE (8) The code solves the equations by being given a starting spectrum (the more reasonable, the better) and calculating a set of Q.'s which are compared with the measured values to de{lermine an error parameter such as the sum of the squares of the differences. The code then proceeds to perturb one point in the trial spectrum by some fixed amount, recalculate the error and keep the perturbed value if the error has been improved. If not, that perturbation is rejected.
The perturbation procedure is then repeated in random spectral energy bins until some given condition of fit has been met. The resulting spectrum is then considered a solution to the equations. This solution is not unique, but it is an "appropriate" solution in this sense: Since it was produced from absorbed dose measurements, it will provide correct results when used in calculations of absorbed dose.
COMPARISON OF IONIZATION CHAMBER DATA WITH CALCULATED AND MEASURED SPECTRA
Let ¢(E) be the differential photon energy spectrum, (MeV/MeV) of any given cobalt-60 source, and let S(E) be the energy response function of the ionization chamber as defined in equation (6) The ionization chamber response function (figure 2) was also integrated over the gamma spectra which were measured for some of the source configurations of table 1. These measured spectra are shown in figure   7 . These calculated responses are also compared with the measured values in table 2. Again there is good agreement, with a mean variation from the measured values of -18 percent.
All ionization chamber measurements were made with a digital electrometer having an accuracy of ±2%. The accuracy of the calculated ratios depends on the accuracy of the response function and the accuracy of the spectra. We conjecture that the 20% deviation of the calculated ratios from the measured values is primarily due to uncertainties in our knowledge of the response function; while the source-to-source variation in the agreement of measured and calculated ratios is due to inaccuracies in the spectra.
INTERFACE DOSE ENHANCEMENT
Since the actual phenomenon of interest is the degree of interface dose enhancement which might be expected for a given cobalt-60 source spectrum, it is important to know whether the ionization chamber measurement can be related to a dose-enhancement factor. In the following discussion, dose-enhancement factor, FDE, is taken to mean the dose in a low-Z material at the interface with a high-Z material divided by the equilibrium dose in the low-Z material. Specifically, we propose the following procedure: a.
Determine the ionization chamber response ratio, IAu/A1, for a cobalt-60 source configuration of interest.
b.
Find an "effective" monoenergetic photon energy, Eeff, corresponding to this ionization chamber response ratio from figure 2. The gold-and aluminum-walled ionization chamber measurement yields a simple and easy assessment of the magnitude of the low-energy scattered component of a given cobalt-60 irradiator spectrum. While a complete gamma spectrum cannot be determined using this method, it does yield a measure of the gold and aluminum equilibrium dose-rates.
These are directly related to the relative magnitude of the interface dose enhancement effect to be expected in a microelectronic device irradiation.
The gold/aluminum ionization chamber technique yields an immediate quantitative indication of the degree of dose enhancement which can be achieved by any given filter combination for a particular source configuration. The results clearly identify the types of source configurations which have inherently high scatter. The results also provide empirical evidence that the spectra of most practical cobalt-60 irradiators can be hardened to equal or better that of the best available unscattered spectrum by enclosing the test object in a filter box consisting of .063 inches of lead on the source side, followed by no more than .030 inches of aluminum. The experimental data seem to indicate that smaller thicknesses of aluminum are better, and that no aluminum may be best.
